Abstract. Effect of phosphorus on the solidification process of Ni-60wt.%Si alloys was studied in this paper, and the microstructure transformation was investigated by using Electron Probe Micro-analyzer (EPMA, JXA-8840) and Differential Scanning Calorimeter (DSC, NETZSCH 404). It is found that the peritectic reaction in Ni-60wt.%Si alloys would be suppressed by the addition of phosphorus. Another interesting discovery is that the addition of phosphorus can not only suppress the peritectic reaction, but also promote the eutectic reaction (L(l) NiSi(s)+NiSi 2 (s)) in Ni-60wt.%Si alloys.
Introduction
Nickel-based alloys are widely used in aerospace, ocean engineering, electrical and electronics industries because of high temperature and high oxidation resistance [1] [2] [3] . Ni-Si alloy is expected to possess a high specific strength (strength/density) as the density of Si is lower than that of Ni, so Si can be easily added to Ni to decrease the density. There are a number of intermetallic compounds in Ni-Si binary system, such as Ni 3 Si, Ni 5 Si 2 , Ni 2 Si, Ni 3 Si 2 , NiSi as well as NiSi 2 [4] . Eutectic reaction and peritectic reaction can be found in Ni-Si binary diagram. Many researches have been done to understand two-phase microstructure formed by solidification of peritctic alloy [5] . Normally, the microstructure of peritectic alloys is composed of a primary (α) and a peritectic (β) phase. Many technically important alloys such as steels, Cu alloys and high T c superconductors display peritectic reactions in which phase and microstructure selection is very important for the processing and the properties of the material. Solidification of peritectic alloy Ni-Si has been the topic of several recent investigations [6] [7] [8] [9] . Some studies particularly focus on phase and microstructure selection in peritectic alloys [10] [11] [12] [13] . However, not much attention has been paid to the peritectic reaction in Ni-Si alloys. W. Löser [14] found that the properitectic phase can be suppressed by undercooling in various peritectic binary melts, but there are few literatures talking about the suppressive effect on the peritectic reaction by elements alloying. If the solid phases are morphologically stable, the microstructure is controlled by the interplay of solute transport and nucleation kinetics during solidification [15] [16] [17] . Under equilibrium conditions, Ni-49wt.%Si at 993℃ shows a peritectic transformation which, by regular peritectic growth, produces NiSi 2 phases [18] . In this study, an investigation into the Ni-60wt.%Si binary system has been studied. Several techniques, name JXA-8840 Electron Probe Micro-analyzer (EPMA), NETZSCH Differential Scanning Calorimeter (DSC) 404, were employed to analysis the peritectic reaction in Ni-60wt.%Si, and special attention was given to the suppressive effect of phosphorus on the peritectic reaction in Ni-60wt.%Si alloys.
Materials and Methods
The Ni-60wt.%Si alloys used in this study were prepared from 99.99% pure elements in an arc melting furnace on a water cooled copper crucible under Ar atmosphere. The experiments were divided into three parts: (i) sample preparation in an electric arc furnace; (ii) sample processing by addition of 2wt.% Si-P master alloy; and (iii) sample characterization. The Si-P master alloys were supplied by Shandong Al&Mg Melt Technology Co.,Ltd.
Detailed microstructural analysis was carried out on as-cast samples to investigate the morphologies and the effect of phosphorus on the peritectic reaction in Ni-60wt.%Si alloys. Metallographic specimens were mechanically ground and polished through standard routines, and characterization of the structure and qualitative analysis were conducted on selected samples by using EPMA. Thermal analysis was performed with DSC to analyze the peritectic reaction in Ni-60wt.%Si alloys.
Results and discussion
3.1 EPMA microstructure analysis for Ni-60wt.%Si alloys Figure 1 shows the Ni-Si phase diagram [18] which exhibits a peritectic reaction Si+L NiSi 2 at Tp=993℃. So the microstructure of Ni-60wt.%Si alloys is characterized by the growth of a primary silicon (α) and a peritectic NiSi 2 (β) phase. Figure 2 shows the EPMA micrographs of as-cast Ni-60wt.%Si alloys before and after Si-P addition. The EPMA energy dispersive spectroscopy (EDS) quantitative analysis for the phases in the microstructure is shown in Figure 3 . The EPMA quantitative analysis found that the black phase (α) is primary silicon, the gray phase (β) is NiSi 2 phase (with element atomic proportion Si 65.92%, Ni 32.57% and P 1.51%), and the white phase (γ) is NiSi phase (with element atomic proportion Si 51.68% and Ni 48.32%).
As shown in Figure 2a , the typical microstructure of the peritectic structure with primary silicon (α) and peritectic NiSi 2 (β) phase can be found. Similar to the simulations prediction and traditionally observation, the α-island is inside the continuous matrix of the peritectic phase, and forming for large volume fraction of the peritectic phase, and a small quantity of NiSi phase can also be found among NiSi 2 phases. Figure 2b shows the microstructure of Ni-60wt.%Si with phosphorus addition. Similar to Figure 1a , peritectic structures can be found. However, besides the peritectic structure, eutectic structure composed of NiSi and NiSi 2 phases can also be observed in the microstructure. 
DSC analysis for the Ni-60wt.%Si with Si-P addition
To get more information about the effect of phosphorous on the Ni-60wt.%Si alloy, DSC has been done for Ni-60wt.%Si alloy before and after phosphorous addition, as shown in figure 4 . There are three peaks at 1158.6℃, 960.3℃ and 925.3℃ on the cooling curve of Ni-60wt.%Si alloy, respectively. After Si-P master alloy addition, four peaks can be found, and one more peak is clinging to the second peak at about 959.8℃. Moreover, the second peak is 20℃ higher than that without addition.
According to the nickel-silicon binary phase diagram [18] , during solidification of the Ni-60wt.%Si alloy, the primary silicon firstly precipitates as the temperature decreases below the liquid line, which is responsible for the peak at 1157℃. Then, the peritectic reaction occurs: Si+L NiSi 2 , which contributes to the peak at 960℃. For the solidification is a non-equilibrium, there is concentration gradient in the liquid-solid interface, NiSi 2 phase aggregated surrounding primary silicon, but the diffusion decreases with the decreasing temperature, and the solution concentration is lower than the average. So the surplus solution is turned into NiSi phase marked γ as shown in Figure 2a . However, with Si-P master alloy addition, one more peak clinging to the peritectic reaction peak can be found in the DSC results. Compared with microstructure, it can be assured that the peak reflects the eutectic reaction. That is, during the solidification, eutectic reaction occurs, and finally the NiSi phase precipitate. The range of morphological stability of the plane-front growth at low growth rates is approximately given by the constitutional undercooling criterion [19] :
(1) Where G is the temperature gradient in the liquid ahead of the interface; V is the growth velocity, D is the interdiffusion coefficient in the liquid and ΔC=C liq -C sol is the difference of composition between the liquid and the solid at interface at T sol (C 0 ). ΔC is positive in the case of negative liquidus slopes and negative in the case of positive liquidus slopes so that the product m·ΔC is always negative. The growth of the NiSi 2 (β) phase is only stable above the limit of constitutional undercooling [from eq.2], i.e. when:
The growth of β phase depends on the nucleation undercooling and the local conditions. When the nucleation undercooling is large, growth of the nucleating phase is therefore expected to be fast. In contrast, when the nucleation undercooling is small, the nucleated particles float in a liquid with small undercooling and will grow more slowly. So here, the nucleating undercooling is different for the two case, evidently the undercooling of the Ni-60wt.%Si alloy with the addition of phosphorus is much lower than that without additions as shown in Figure 4 . With phosphorus addition, D is lower than that without addition, so the NiSi 2 grows more slowly, and the peritectic reaction should over earlier than that without additions. The results are identical to W. Löser's research [14] . Then the liquid composition at the interface reaches the eutectic concentration, and eutectic occurs. While without phosphorus addition, the NiSi 2 phase grows fast, and when the peritectic reaction over, the interface concentration is lower than the eutectic concentration, so only a small quantity of eutectic structure and NiSi phase can be found in the microstructure.
Conclusions
A study of the effect of phosphorus on the peritectic reaction in Ni-60wt.%Si alloys was carried out by using EPMA and DSC. The main conclusions can be summarized as follows: The peritectic reaction in Ni-60wt.%Si alloys would be suppressed by the addition of phosphorus. The addition of phosphorus can not only suppress the peritectic reaction, but also promote the eutectic reaction (L(l) NiSi(s)+NiSi 2 (s)) in Ni-60wt.%Si alloys.
